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Abstract: Iron (Fe) bioavailability in unpolished, polished grain and bran fraction of five rice genotypes with a
range of Fe contents was measured by in vitro digestion and cultured Caco-2 cells of cooked grain. There was a
significant difference in Fe bioavailability among the five rice genotypes tested, in both the unpolished and polished
grain. The range of Fe bioavailability variation in polished rice was much wider than that of unpolished, suggesting
the importance of using Fe levels and bioavailability in polished rice grain as the basis for selecting high-Fe rice
cultivars for both agronomic and breeding purposes. Milling and polishing the grain to produce polished (or white)
rice increased Fe bioavailability in all genotypes. Iron bioavailability in polished rice was high in the UBON2 and
Nishiki, intermediate in both IR68144 and KDML105, and low in CMU122. All genotypes had low bioavailability of
Fe in bran fraction compared to unpolished and polished grain, except in CMU122. CMU122 contained the lowest
level of bioavailable Fe in unpolished and polished grain and bran, because of the dark purple pericarp colored
grain and associated tannin content. The level of bioavailable Fe was not significantly correlated with grain Fe
concentration or grain phytate levels among these five genotypes tested. The negative relationship between Fe
bioavailability and the levels of total extractable phenol was only observed in unpolished (r = −0.83∗∗) and bran
fraction (r = −0.50∗). The present results suggested that total extractable phenol and tannin contents could also
contribute to lowering bioavailability of Fe in rice grain, in addition to phytate.
 2006 Society of Chemical Industry
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INTRODUCTION
The World Health Organization has recently reported
that there are more than 3 billion Fe-deficient
people globally (i.e., 50% of the world population).1

In human nutrition, Fe-deficiency-induced anemia
impairs growth, development and immunity especially
in infants and young children.1,2 In Asia, 60–70%
of preschool children and pregnant women are
estimated to be affected by Fe-deficiency anemia.3

On the basis of delivery effectiveness and economic
consequence, enhanced Fe intake through staple
food is the preferred effective mechanism in the
long term,4,5 as it has been recently confirmed
in a study in Mindanao, the Philippines, that
almost 50% of the Fe diet of the local population
comes from Fe sources contained in cereals.6 Rice
is the staple food for the majority of people
in Asia, but, unfortunately, contains the lowest
Fe concentration among the cultivated Gramineae
species.6,7

It is necessary to improve both the net Fe
concentration and Fe bioavailability in rice grain
(particularly polished rice known as white rice) for
improving the Fe intake in populations dependent on
rice as a staple food and without access to other
Fe-rich food sources. In addition to agronomical
management, selecting genotypes with high efficiency
of Fe accumulation in the endosperm and high Fe
bioavailability from existing germplasm collection may
be an efficient and reliable way to deliver Fe nutrition
benefits to farmers and local population. A wide
variation of Fe concentration in rice grain exists among
rice genotypes and high grain Fe concentrations were
found in some traditional genotypes.8

Iron bioavailability in rice grain can be greatly
inhibited by certain polyphenols,9 flavonoid such as
proanthocyanidins known as tannin,9 and phytate.9–11

Phytate, the naturally occurring form of phytic acid in
seeds, is a salt of myo-inositolhexaphosphoric acid12

associated with a wide range of cations including K,
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Mg, Zn, and Fe.13 Glahn et al.14 reported that the
bioavailability of Fe, assessed by using an in vitro
digestion/Caco-2 cell model, was not related to the
total grain Fe content or to grain phytate levels in
the genotypes they tested, but was correlated with
grain pericarp color. Little work has been done to
relate grain Fe bioavailability to the levels of phenolic
compounds in rice such as soluble phenols and
tannin.

Previous studies have reported the variation in
the bioavailability of Fe in rice grain among 15
genotypes by using an in vitro digestion/Caco-2 cell
model.14 However, these studies have only used
brown rice: unpolished rice grain. There is little
information on genotypic variation of Fe bioavailability
in polished rice grain of different rice genotypes, in
comparison with that in unpolished rice. Polished
or white rice is the preferred form of rice grain
commonly consumed by people. It is important
to identify genotypes with high Fe concentration
and high Fe bioavailability in the polished rice
(the endosperm). Polishing processes reduce the Fe
concentration in the grain by as much as 60%.15 In the
meantime, most of the anti-Fe nutrition compounds
such as phytate, polyphenols and flavonoid are
located in the polishing or bran fraction, so grain
processing also substantially decreases the amount of
inhibitors of grain Fe bioavailability. As a result, it is
important to know if the polishing process changes the
genotypic variation of Fe levels, distribution of anti-Fe
nutrition compounds (such as phenolic compounds,
proanthocyanidin and phytate) and associated Fe
bioavailability in the rice grain. The information will
provide the basis for genetic selection to improve
nutritional quality of Fe particularly in polished rice
grain. The objectives of the present study are to
investigate the variation of Fe accumulation and
bioavailability in polished rice, in comparison with
those in unpolished rice, among five selected rice
genotypes representative of a range of total Fe
concentrations in rice grain; and to compare Fe
bioavailability in different grain form and fractions
including unpolished, polished and bran, in relation
to the distribution of inhibitors in different forms of
grain and grain fractions.

MATERIALS AND METHODS
Sample preparation
Five rice genotypes (Oryza sativa L.) were selected to
represent two contrasting grain Fe status: three high-
and two low-Fe grain lines (Table 1), based on the
classification of grain Fe status in different genotypes
in Senadhira et al.,6 Prom-u-thai and Rerkasem,8

Graham et al.16 and Welch et al.17 Rice grains were
harvested at maturity from paddy plants grown in the
same season on a sandy loam (San Sai soil) at Chiang
Mai University, Thailand (18◦48′ N; 98◦59′ E). The
hulls were removed by hand from the paddy rice grain
to yield brown rice called ‘unpolished grain’. The
‘polished grain’ samples were obtained by milling a
100 g lot of unpolished rice grain in a sample mill
(Ngek Seng Huat company, model K-1) and the ‘bran
fraction’ (the residue remaining after the polishing
process) of the grain samples were also collected
for the analysis of Fe and anti-nutrient compounds.
Polishing for 30 s was found to be optimal for the
visual whiteness of the rice grains. Subsamples of
unpolished, polished grain and bran fraction were
autoclaved for 15 min to simulate the cooking process
and to produce corresponding cooked rice samples.
The autoclaved grain samples were then homogenized
in a Polytron homogenizer. The homogenate was
frozen and then lyophilized to dryness. After being
digested with concentrated nitric acid at 140 ◦C, Fe
concentrations in rice grain and bran were determined
by an inductively coupled plasma atomic emission
spectrometry (ICAP-AES model 61E trace analyzer,
Thermo Jarell Ash Corp., Franklin, MA).18 A standard
reference material of ground wheat grain was included
in each batch of digestion for analytical quality control.

Bioavailability of Fe
Iron bioavailability was determined by in vitro diges-
tion of 1 g cooked rice samples (including unpolished,
polished rice and bran fraction) and cultured Caco-2
cells were used to simulate Fe absorption in human
digestion system (intestine) from cooked rice of unpol-
ished, polished rice grain and bran fraction, and the
amount of ferritin formed in Caco-2 cells was used
as proxy for Fe absorption by humans.14 Immuno-
radiometric assay was used to measure Caco-2 cell
ferritin content (FER-Iron II Ferritin Assay, RAMCO

Table 1. Iron concentration in polished, unpolished grain and bran fraction of five rice genotypes

Fe concentration (µg g−1)a

Genotype Description Type Unpolished Polished Bran fraction

Nishiki Popular Japanese rice NGc 18.70 ± 0.43 10.42 ± 0.93 145.69 ± 2.70
IR68144 Improved IRRIb rice variety NG 21.30 ± 0.67 12.25 ± 0.84 157.75 ± 0.59
CMU122 Traditional Thailand hill-tribe genotype Gd 22.85 ± 0.10 11.45 ± 0.13 123.62 ± 0.63
KDML105 Popular Thailand jasmine rice NG 13.45 ± 0.04 10.72 ± 0.08 82.25 ± 0.16
UBON2 Newly released Thailand genotype G 14.05 ± 0.07 12.80 ± 0.05 134.13 ± 1.67

a Mean ± standard error of the mean (n = 3).
b IRRI, International Rice Research Institute.
c NG, non-glutinous rice.
d G, glutinous rice.
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Laboratories, Houston, TX). A 10 µL sample of the
sonicated Caco-2 cell monolayer, harvested in 2 mL
of water, was used for each ferritin measurement.14

Total extractable phytate, phenol and tannin
content (CT)
Approximately 0.25 g rice sample were extracted
with 10 mL of 1.25% H2SO4 for 2 h on a rotating
shaker. The extraction mixture was centrifuged at
2000 × g for 10 min. An aliquot (1 mL) of the
extract solution was subsampled for the analysis of
phytate. The extract of bran fraction was diluted
5–10 times before the analysis of phytate. The amount
of phytate was measured by high-performance liquid
chromatography (HPLC) as described by Lehrfeld19

using inositol hexakis- (IP6), pentakis- (IP5) and
phosphate (PO4) as reference standards. Phytate
concentration in each sample was calculated from
the sum of IP6 and IP5.

For phenol analysis, aliquots (2 g) of rice sample
were extracted with three changes of 20 mL 50%
methanol for 60 min each time. The extraction mixture
was centrifuged at 2683 × g for 5 min each time
and the supernatants were pooled for analysis of
total extractable phenol using the Folin Ciocalteu’s
method.20 For the total extractable tannin, 500 mg
rice sample were extracted with three changes of 10 mL
70% acetone containing 0.1% Na2S2O5. The sample
extraction mix was centrifuged and supernatants from
the three extractions were pooled for each sample.
The residue was dried with N2 for the extraction
of bound CT fraction. Total extractable tannin
was quantified using the butanol/HCl colorimetric
methods.21 Standard CT was extracted specifically for
quantitative calibration, from the bran fraction part of
Oryza sativa cv. Dramuda with 70% aqueous acetone
containing 200 µg mL−1 ascorbic acid. The CT
standard was purified by adsorption chromatography
on Sephadex LH-20.21

Statistical analysis
The analysis of variance was carried out to detect the
differences among the genotypes by using Statistic 7.

The least significant difference (LSD) at P < 0.05
was applied to compare the means for any significant
difference. The correlation coefficient was determined
among five genotypes separately for each fraction of
unpolished, polished and bran fraction.

RESULTS
Among the five genotypes investigated, there was
a wide range of variation of Fe concentration in
unpolished rice grain from 13.45 to 22.85 µg Fe g−1

dry weight. Nishiki, IR68144 and CMU122 were
categorized as high-Fe genotypes, with 18.70–
22.85 µg Fe g−1 dry weight, whereas, KDML105 and
UBON2 only contained 13.45–14.05 µg Fe g−1 dry
weight in the unpolished rice. However, the range
of variation of Fe concentration was narrower in the
polished rice than in the unpolished rice. The polishing
process significantly decreased the Fe concentration in
the rice grain to 10.42–12.25 µg Fe g−1 for the three
high-Fe genotypes and to 10.72–12.80 µg Fe g−1 dry
weight for the two low-Fe genotypes (Table 1).

In contrast, polishing enhanced the bioavailability
of Fe and widened the range of Fe bioavailability
variation among the five genotypes tested. Iron
bioavailability in unpolished rice ranged from 2.3
to 8.4 mg ferritin (mg protein)−1, with a similar
value among the four genotypes Nishiki, IR68144,
KDML105 and UBON2, and the lowest in CMU122,
which was about one-third of the former four
genotypes.

The polishing process increased Fe bioavailability in
all five genotypes (Fig. 1), with the highest Fe bioavail-
ability in UBON2 (13.6 ng ferritin (mg protein)−1)
and Nishiki (12.0 ng ferritin (mg protein)−1), interme-
diate in IR68144 (8.5 ng ferritin (mg protein)−1) and
KDML105 (10.1 ng ferritin (mg protein)−1), and the
lowest in CMU122 (5.7 ng ferritin (mg protein)−1).
Iron bioavailability in the rice bran fraction was signif-
icantly lower than in unpolished and polished rice in
all genotypes, except for CMU122 (Fig. 1). CMU122,
which retained its purple color even in the polished
rice, had comparable Fe bioavailability between the
bran fraction and unpolished rice.
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Figure 1. The comparison of iron bioavailability in unpolished, polished grains and bran fraction of five rice genotypes. Ascorbic acid (200 µmol L−1)
was added to the digest to promote iron absorption. Different letters are used to compare the significant difference (P < 0.05).
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The effectiveness of the polishing process in increas-
ing Fe bioavailability varied among the genotypes
tested. After polishing, Fe bioavailability (ng ferritin
(mg protein)−1) in the polished rice increased from
8.7 to 13.6 for UBON 2, from 8.6 to 12.0 for Nishiki,
from 7.6 to 10.2 for KDML 105 and from 2.6 to 5.8
for CMU122 (Fig. 1), whereas IR68144 showed no
difference in the amount of bioavailable Fe between
unpolished and polished grains. Low Fe bioavailabil-
ity was found to be particularly associated with grain
pericarp color of CMU122, which had a dark-purple
pericarp.

The levels of phytate in unpolished grain did not
differ significantly among the five genotypes (Table 2).
In the unpolished rice, phytate concentrations ranged
from 10.2 to 13.2 µmol g−1 dry weight, with the highest
levels in KDML105 and CMU122 and the lowest in
Nishiki (Table 2). In contrast, the levels of phytate
in the polished rice were substantially decreased
by polishing, ranging from about 1.5 µmol g−1 dry
weight (KDML105) to about 4.3 µmol g−1 dry weight
(Nishiki and UBON2) (Table 2). There was no
direct relationship between phytate concentration
and bioavailability of Fe and between phytate
concentration and total grain Fe concentration among
these five genotypes tested. Most of the phytate in the
unpolished rice were distributed in the bran fraction.

However, Fe bioavailability was significantly cor-
related with the level of total extractable phenol in
unpolished rice grain (r = −0.83∗∗) and bran frac-
tion (r = −50∗), but not in polished grain. The levels
of total extractable phenol in the unpolished rice

ranged from 225 to 883 mg gallic acid equivalent kg−1

dry matter, with a declining order of: CMU122 >

IR68144 = Nishiki > UBON2 > KDML105. In con-
trast, the levels of total extractable phenol in polished
rice only ranged from 76 to 147 mg gallic acid equiv-
alent kg−1 dry matter (Table 2). Similar to the distri-
bution pattern of phytate, high concentrations of total
extractable phenol were present in the bran fraction,
ranging from 501 to 1485 mg gallic acid equivalent
kg−1 dry matter.

Total extractable tannin was largely under
detectable in four genotypes with white–brown peri-
carp. The one genotype with dark-purple pericarp,
CMU122, was found to have total extractable tan-
nin 0.23% of condense tannin in unpolished rice,
0.01% in polished rice and 1.07% in bran fraction
(Table 3). The high tannin contents in unpolished,
polished rice grain and bran fraction were consistent
with pericarp color as well as bioavailability of Fe in
rice grain. Overall, the combined effects of total grain
Fe concentration, phytate levels and the levels of total
extractable phenols explained the genotypic variation
of Fe bioavailability in the unpolished and polished
rice grain (Fig. 1).

DISCUSSION
The results demonstrated that polishing altered
the magnitude of variation in Fe concentrations
and substantially reduced Fe concentrations in the
polished rice (white rice), in comparison with those
in the unpolished, brown rice. This suggested that

Table 2. Total phytate and extractable phenol content in unpolished, polished and bran fraction of rice grain in five genotypes

Phytate concentration (µmol g−1) Total phenol (mg gallic acid kg−1)a

Genotype Source Ab B C A B C

Nishiki Japan 10.2ac 4.3a 45.6d 362.3b 147.0a 1034.3b
IR68144 IRRI 12.2a 2.0b 85.2a 382.2b 129.8b 1044.8b
CMU122 Thailand 13.0a 2.1b 49.3cd 883.7a 105.0c 1485.8a
KDML105 Thailand 13.2a 1.4b 59.4c 225.1d 75.9d 501.4c
UBON2 Thailand 12.0a 4.2a 73.2b 298.1c 102.4c 616.9c

a Recovery test = 91%.
b A, unpolished; B, polished; C, bran fraction.
c Different letters are used for comparing the significant different in each genotype (P < 0.05).

Table 3. Total extractable tannin content in soluble and bound form of unpolished, polished and bran fraction of five rice genotypes

Total extractable tannin contenta (% CT)

Unpolished Polished Bran

Genotype Source Soluble Bound Soluble Bound Soluble Bound

Nishiki Japan n.d. n.d. n.d. n.d. n.d. n.d.
IR68144 IRRI n.d. n.d. n.d. n.d. n.d. n.d.
CMU122 Thailand 0.04 0.19 0.01 n.d. 0.54 0.53
KDML105 Thailand n.d. n.d. n.d. n.d. n.d. n.d.
UBON2 Thailand n.d. n.d. n.d. n.d. n.d. n.d.

a Recovery test = 87%.
n.d., undetectable.
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care should be exercised when selecting high-Fe
rice genotypes on the basis of Fe concentration
in the unpolished rice (brown rice). However, Fe
bioavailability in the rice grain was significantly
enhanced by the polishing process, and the net
amount of Fe available for apparent absorption by
human intestine cells was higher in the polished than
the unpolished, on the basis of the net amount of
ferritin formed from digesting the same weight of each
rice fraction (unpolished, polished and bran). The
variation in Fe bioavailability among the five genotypes
tested was explained by the combined effects of
anti-nutrients phytate and extractable phenol. The
presence of condensed tannin coincided with the dark-
purple pericarp color in CMU122, which had the
lowest Fe bioavailability, though it had the highest
Fe concentration in the unpolished rice among the
genotypes tested. The present results did not show
any correlation between the grain Fe concentration
and bioavailable Fe in unpolished rice grain, which
was consistent with earlier findings.14 A similar
phenomenon was also observed in grains of early-
and late-maturing tropical maize.22,23

Polished rice is the preferred form by most people
who consume rice as a staple food.15 Polishing can
reduce grain Fe concentration from 9% to 50%
depending on the genotype of rice. Polished grain
loses its embryo and aleurone cell layers, which form
the bran fraction. Many have reported that most of
the Fe in the rice grain is localized in the outer
layer of the grain, which includes the embryo and
aleurone tissues.12,15 The amount of bran removed
during grain processing may depend on the size and
shape of the grain and embryo and the thickness
of the aleurone cell rows.24–26 After polishing, the
percent Fe retained in the UBON2 grain was higher
than in the other four genotypes studied. This may
be a result of morphological differences in the grain
between genotypes such as the thickness of aleurone
cell row layer and variations in embryo size.

Importantly, the polishing process was shown
to increase Fe bioavailability in all the genotypes
studied. Polished UBON2 grain had higher levels
of bioavailable Fe compared to polished IR68144
grain (Fig. 1), even though polished UBON2 and
IR68144 grain contained similar Fe concentrations
(Table 1). Although Fe concentrations in the polished
rice were lower than those in the unpolished rice
(brown rice), the apparent net amount of Fe available
for the Caco-2 cells was higher for the polished rice
than unpolished and the bran fraction, given that
the same amount of each fraction was digested. This
enhanced Fe bioavailability further supports the notion
that polished rice should be used in assessing and
selecting rice genotypes with high Fe concentration
and bioavailability.

Although polishing removed Fe from the grain,
it also removed inhibitors of Fe absorption (e.g.,
polyphenols and flavonoid).5 Many researchers have
reported that phytate is a significant inhibitor of

Fe bioavailability from cereal crops10,11 as well as
phenolic compound27 and tannic acid.9 However,
the effect of phytate appears to be somewhat
complex as it was not consistently correlated with
bioavailability of Fe in rice grain as has been
reported in a previous study.14 Clearly, phytate is
one of the important Fe bioavailability inhibitors,
as reduction of phytate content in cereals led
to a strong increase in bioavailability of Fe.28–30

However, phytate concentration was not consistently
related to the Fe concentrations and bioavailability
in unpolished, polished rice grain and bran fraction,
probably owing to the limited range of variability
in phytate concentrations among the five genotypes
tested. The lack of differential impact of phytate on
Fe bioavailability in the rice grain may be due to the
fact that phytate:Fe molar ratios in excess of 10:1
produce maximal inhibition of Fe uptake in vitro,9 and
in this study all of the samples were above this molar
ratio. To our knowledge, this specific ratio effect has
not been documented in humans, though the body of
literature indicates that phytate:Fe levels need to be
reduced to below a 10:1 ratio for the phytate effect to
be attenuated. Thus, it takes a reduction to about 1:1
of phytate: Fe to eliminate the phytate effect (Hurrell
RF, personal communication).

The levels of total extractable phenol seemed to
contribute to the variation in Fe bioavailability among
the five genotypes. Previous studies suggested that
bioavailability of Fe in rice grain was correlated with
the intensity or darkness of the pericarp color.14

Biochemical compounds that impart color to the grain,
such as phenol and tannins, may be responsible for the
low Fe bioavailability observed in the colored grain.14

The current results showed that the bioavailability
of Fe was correlated with total extractable phenol in
unpolished rice grain (r = 0.83∗∗) and bran fraction
(r = 0.50∗∗). The varieties containing high levels of
total extractable phenol had low bioavailability of Fe
in unpolished and bran fractions. However, most of
the extractable phenols were removed in the polished
rice grain, which had a small range of total extractable
phenol levels. In low-tannin sorghum, degradation
of phenolic compounds increased bioavailability of
Fe.31,32 A larger number of genotypes with a wide
range of extractable phenol in the endosperm should
be investigated in further studies to clarify the
relationship between the levels of phenol in the
endosperm and Fe bioavailability.

Furthermore, CMU122 with dark-purple pericarp
color coincidently had the lowest bioavailability of Fe
in the genotypes tested. This is probably related to
the high total extractable tannin content in rice grain.
But tannin was presented in only one variety in this
study and the direct effect of tannin on bioavailability
of Fe remains to be investigated. Nevertheless,
condensed tannin binds Fe, rendering it unavailable
for absorption in the gastrointestinal tract.29,31–33

However, further studies in humans are required to
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investigate the comparative effects of phytate, phenolic
acid and tannins on Fe bioavailability in rice grain.

CONCLUSIONS
The present study established that the magnitudes
of genotypic variation in Fe concentration and
bioavailability of rice grain can be significantly altered
by the simple polishing process for yielding white
rice – a preferred form of human consumption. The
polishing process increases Fe bioavailability in the
rice grain, which was estimated by using an in vitro
digestion/Caco-2 cell model. Polishing removed a
substantial proportion of anti-nutrient inhibitors such
as extractable phenol and phytate, which underlined
the enhanced Fe bioavailability responses. However,
Fe concentrations in the polished rice grain were
also substantially reduced, due to the loss of Fe
in the bran fraction. As a result, rice genotype
selection and breeding for high-Fe genotypes should
be based on the Fe concentrations and bioavailability
in the endosperm, rather than the unpolished rice.
Compounds associated with pericarp color, such
as total extractable phenol and tannins, appear to
be strong inhibitors of Fe bioavailability in the
rice grain, which may use an initial parameter in
screening rice germplasm collection for high Fe level
and bioavailability. Further research is required to
identify these anti-nutrient substances associated with
bioavailability of Fe in rice grain and to establish
the comparative effects of phytate and phenols on Fe
bioavailability in human trials.

ACKNOWLEDGEMENTS
We acknowledge financial support from the Thailand
Research Fund and McKnight Foundation. Zhiqiang
Cheng, Yongpei Chang and Larry Heller at US Plant,
Soil and Nutrition Laboratory, Agricultural Research
Service, US Department of Agriculture, and Mr
Graham Kervin, a senior researcher at the analysis
center, University of Queensland, are acknowledged
for their technical assistance. Seed for planting was
provided by the Thailand Rice Research Institute
(KDML105, UBON2), CMUPNlab (CMU122) and
IRRI (IR68144).

REFERENCES
1 World Health Organization, The world health report 2002,

in Reducing Risks, Promoting Healthy Life. World Health
Organization, Geneva, Switzerland, pp. 1–168 (2002).

2 World Health Organization, The world food summit. Micronu-
trient malnutrition: half of the world affected, in Press Release
WHO 78, Geneva World Health Organization. World Health
Organization, Geneva, pp. 1–4 (1996).

3 International Food Policy Research Institute, World Food
Prospects: Critical Issues for the Early Twenty-First Century.
Washington, DC (1999).

4 Bouis HE, Enrichment of food staples through plant breeding:
a new strategy for fighting micronutrient malnutrition. Nutr
Rev 54:131–137 (1996).

5 Graham RD and Welch RM, Breeding for Staple-Food Crops
with High Micronutrient Density. International Food Policy
Research Institute, Washington, DC, pp. 1–72 (1996).

6 Senadhira D, Gregorio G and Graham RD, Breeding iron and
zinc dense rice, paper presented at the International Workshop
on Micronutrient Enhancement of Rice for Developing Countries.
International Rice Research Institute. Philippines, pp. 1–29
(1998).

7 Graham RD, Senadhira D and Ortiz-Monasterio I, A strategy
for breeding staple-food crops with high micronutrient
density. Soil Sci Plant Nutr 43:1153–1157 (1997).

8 Prom-u-thai C and Rerkasem B, Iron concentration in Thai rice
germplasm. Dev Plant Soil Sci 92:351–352 (2001).

9 Glahn RP, Wortley GM, South PK and Miller DD, Inhibition
of iron uptake by phytic acid, tannic acid, and ZnCl2: studies
using an in vitro digestion/Caco-2 cell model. J Agric Food
Chem 50:390–395 (2002).

10 O’dell LB, de Boland RA and Koirtyohann RS, Distribution
of phytate and nutritionally important elements among the
morphological components of cereal grains. J Agric Food Chem
20:718–721 (1972).

11 Febles IC, Arias A, Hardisson A, Rodriguez-Alvarez C and
Sierra A, Phytic acid level in infant flours. Food Chem
74:437–441 (2001).

12 Ogawa M, Tanaka K and Kasai Z, Isolation of high phytin
containing particles from rice grains using an aqueous polymer
two phases system. Agric Biol Chem 39:695–700 (1975).

13 Lolas GM and Markakis P, Phytic acid and other phosphorus
compounds of beans (Phaseolus vulgaris L.). J Agric Food Chem
23:13–15 (1975).

14 Glahn RP, Chen SQ, Welch RM and Gregorio GB, Compar-
ison of iron bioavailability from 15 rice genotypes: studies
using an in vitro digestion/Caco-2 cell culture model. J Agric
Food Chem 50:3586–3591 (2002).

15 Resurreccion PA, Juliano OB and Tanaka Y, Nutrient content
and distribution in milling fractions of rice grain. J Sci Food
Agric 30:475–481 (1979).

16 Graham RD, Humphries JM and Kitchen JL, Nutritionally
enhanced cereals: a sustainable foundation for a balanced
diet. Asia Pacific J Clin Nutr 9:s91–s96 (2000).

17 Welch RM, House WA, Beebe S, Sanadhira D, Gregorio G and
Cheng Z, Testing iron and zinc bioavailability in genetically
enriched bean (Phaseolus vulgaris L.) and rice (Oryza sativa
L.) using a rat model. Food Nutr Bull 21:428–433 (2000).

18 Zarcinas BA, Cartwright B and Spouncer LR, Nitric acid
digestion and multi-element analysis of plant material by
inductively coupled plasma spectrometry. Commun Soil Sci
Plant Anal 18:131–146 (1987).

19 Lehrfeld J, HPLC separation and quantification of phytic
acid and some inositol phosphates in foods: problems and
solutions. J Agric Food Chem 42:2726–2731 (1994).

20 Folin O and Denis W, On phosphotungstic-phosphomolybdic
compounds as color reagents. J Biol Chem 12:239–243
(1912).

21 Dalzell SA and Kerven GL, A rapid method for the measure-
ment of Leucaena spp proanthocyanidins by the proantho-
cyanidin (Butanol/HCl) assay. J Sci Food Agric 78:405–416
(1998).

22 Oikeh SO, Menkir A, Maziya-Dixon B, Welch RM and
Glahn RP, Assessment of iron bioavailability from twenty
elite late-maturing tropical maize varieties using an in vitro
digestion/Caco-2 cell model. J Sci Food Agric 84:1202–1206
(2004).

23 Oikeh SO, Menkir A, Maziya-Dixon B, Welch RM and Glahn
RP, Assessment of concentrations of iron and zinc and
bioavailable iron in grains of early-maturing tropical maize
varieties. J Agric Food Chem 51:3688–3694 (2003).

24 Juliano BO and Bechtel BD, Rice: Chemistry and Technology.
American Association of Cereal Chemists, St Paul, MN
(1985).

25 Cochrane MP and Duffus CM, Morphology and ultrastructure
of immature cereal grains in relation to transport. Ann Bot
44:67–72 (1979).

1214 J Sci Food Agric 86:1209–1215 (2006)
DOI: 10.1002/jsfa



Iron bioavailability in rice genotypes

26 Del Rosario AR, Briones VP, Vidal AJ and Juliano BO, Com-
position and endosperm structure of developing and mature
rice kernel. Cereal Chem 45:225–235 (1968).

27 Goffman FD and Bergman CJ, Rice kernel phenolic content
and its relationship with antiradical efficiency. J Sci Food
Agric 84:1235–1240 (2004).

28 Hallberg L, Rossander L and Skanberg A-B, Phytate and the
inhibitory effect of bran on iron absorption in man. Am J Clin
Nutr 45:988–996 (1987).

29 Svanberg U, Lorri W and Sandberg A-S, Lactic fermentation
of non-tannin and high-tannin cereals: effects on in vitro
estimation of iron availability and phytate hydrolysis. J Food
Sci 58:408–412 (1993).

30 Valencia S, Svanberg U, Sandberg A-S and Ruales J, Processing
of quinoa (Chenopodium quinoa, Willd): effects on in vitro

iron availability and phytate hydrolysis. Int J Food Sci Nutr
50:203–211 (1999).

31 Matuschek E, Towo E and Svanberg U, Oxidation of polyphe-
nols in phytate-reduced high-tannin cereals: effect on different
phenolic groups and on in vitro accessible iron. J Agric Food
Chem 49:5630–5633 (2001).

32 Matuschek E and Svanberg U, The effect of fruit extracts with
polyphenol oxidase (PPO) activity on the in vitro accessibility
of iron in high-tannin sorghum. Food Chem 90:765–771
(2005).

33 Brune M, Rossander L and Hallberg L, Iron absorp-
tion and phenolic compounds: Importance of differ-
ent phenolic structures. Eur J Clin Nutr 43:547–557
(1989).

J Sci Food Agric 86:1209–1215 (2006) 1215
DOI: 10.1002/jsfa


